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ABSTRACT
Utah State University has been developing the Filter Incidence Narrow-band Infrared Spectrometer (FINIS) as a
compact instrument for observing atmospheric methane from CubeSats. This instrument will be tested on the
upcoming ACMES mission for use as a methane detector. The ACMES mission was selected in 2021 as part of the
NASA In-space Validation of Earth Science Technologies (InVEST) program with an expected launch in 2024.
Methane is the second most important greenhouse gas and one for which a reduction in emissions could have a
significant impact on the near-term rate of global warming. As part of the effort to measure tropospheric methane
concentration from space, point source leaks have shown to be challenging to be detected and measured using
historic satellite sensors due to their low spatial resolution. In this context, Utah State University has been
developing FINIS to be suitable for CH4 leak detection using the differential absorption technique in the 1.6 um
band of methane. This paper presents the FINIS design for ACMES, including the instrument review, the concept of
operation along with lessons learned from previous air-based testing of the FINIS prototype.
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INTRODUCTION
The Intergovernmental Panel on Climate Change
(IPCC) states unequivocally that human activities have
warmed the atmosphere, ocean, and land at an
unprecedented rate in the last century. Among the
greenhouse gasses (GHG) causing this warming effect,
methane (CH4) is the second most abundant in the
atmosphere after carbon dioxide (CO2). The average
methane concentration in the atmosphere is more than
200 times lower than carbon dioxide. However, due to
its higher molecular radiative forcing, the CH4 has
contributed to an increase of 0.6°C to the global mean
surface air temperature since the year 1750, compared
to 1.0°C attributed to CO2. Because methane has a
much shorter lifetime than CO2 in the atmosphere, 9.1
years and up to 200 years, respectively10, it has become
clear that the monitoring of methane emissions
worldwide is essential for the formulation of climate
policies that creates a faster response to global
warming.
To close the gap left by the limitations of in situ
greenhouse gas measurements, space-based detectors
capable of retrieving methane concentration started to
emerge after 2003, with the SCIAMACHY instrument
onboard ENVISAT. It provided global methane
concentration measurement with 30x60 km2 pixels until
its decommissioning in 20142. Following that, global
scale methane measurements continued with the
TANSO-FTS
instrument
onboard
GOSAT
(2009-present) and the TROPOMI instrument
(2018-present)3. Those instruments provide high
accuracy methane measurements (lower than 1%,
1-sigma) of wide regions of the globe. These
capabilities make them useful for quantifying total
methane emissions on regional to global scales.
To address the need to measure local methane
emissions and detect point source leaks, a couple of
higher spatial resolution methane detectors have been
developed. Among them, the GHGSat-D satellite,
launched in 2016, was likely the first smallsat with a
specific mission to detect and quantify methane point
sources on the ground. Its successors GHGSat-C1 and
GHGSat-C2, launched in 2020 and 2021, respectively,
can provide methane measurements at 1.5% precision,
with a 25 m pixel size3.
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As a usual drawback for higher spatial resolution
measurements, the coverage area gets dramatically
reduced. In the case of the GHGSats, the measurements
cover an area of 12x12 km23. To overcome this
limitation, a big constellation of small satellites can be
considered, similar to what has been done for satellite
imagery.
In this context of allowing the expansion of persistent
methane measurements from space by future
applications on CubeSats constellations, this paper
presents the Filter Incidence Narrow-band Infrared
Spectrometer (FINIS), as a new concept for a compact,
lightweight, low-power, and very sensitive methane
detector. FINIS is under development by the Utah State
University, and it is scheduled to fly in 2024 as one of
the payloads of ACMES, a 12U CubeSat mission
selected as part of the NASA In-space Validation of
Earth Science Technologies.
INSTRUMENT CONCEPT
Similar to many other space-based greenhouse gas
instruments, FINIS operates by measuring CH4 in the
absorption of solar radiation passing through the
atmosphere and reflected by the Earth’s surface to the
sensor at orbital altitudes. Methane and all elements
present in the atmosphere absorb and scatter the
incoming solar radiation, reducing its intensity along
the traveled path. Since the scattering and absorption
characteristics of each element are highly dependent on
the incoming radiation wavelength, a spectral analysis
of the received signal reveals the atmosphere
constituents and their relative concentration.
FINIS differs from other similar purposed instruments
by using fixed narrow-band interference filters to
generate a spectrum of the outcoming radiation. The
angle of incidence of the light on the filter is used to
spectrally spread the signal across the instrument’s
focal plane, and by employing two such filters at
slightly tilted angles, FINIS can observe the methane in
both transmission and absorption bands at the same
time in the 1.660 to 1.666 µm range and with a spectral
resolution of 2nm (FWHM), see Figure 1.
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The vertical column density of methane (VCCH4) is
computed using the logarithmic difference between the
intensity signal captured by a pixel on the absorption
band with the intensity signal captured by a pixel on the
transmission band. The same point on the ground can
be sensed at different wavelengths by the scanning
effect caused by the satellite passing over the target
region, push-broom scanning.
A caveat of this
approach emerges from the fact that the surface albedo
varies along with the acquisition, causing the difference
between the measured intensity at different wavelengths
being also a function of the albedo difference between
the two acquisitions.
Figure 1. FINIS spectrum window showing over
transmittance function of pure CH4 on a path length
of 3 cm at STP. The blue line represents the original
function convolved with a gaussian function of 2nm
FWHM.
Figure 2 shows the figure of merit of the center
wavelengths (CWL) across the focal plane array. The
narrow-band interference filter tilted by 4° spreads the
wavelengths across, turning approximately one-half of
the pixels sensitive to the methane absorption band and
the other half to the methane transmission band.

Figure 2. Figure of merit of the Center Wavelength
(CWL) spread across the 640x512 array of CCD
detectors as the effect of using a 4° tilted 2nm
(FWHM) interference filtered at the instrument
aperture.

FINIS incorporates a pair of mirrored optical
assemblies to eliminate the measurement sensitivity due
to albedo changes during the scanning. This allows
FINIS to take intensity measurements at the absorption
and transmission bands simultaneously, and with the
same acquisition geometry, see Figure 3.

Figure 3. FINIS binocular acquisition concept
showing simultaneously intensity measurement of
the same point on the ground at the transmission
band by camera 1, CAM1, and at the absorption
band by camera 2, CAM 2.

INSTRUMENT OVERVIEW
The FINIS instrument CAD model with the binocular
configuration is shown in Figure 4. The two cameras
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and optical assemblies are identical, with the only
difference being the tilted angle at which each filter is
mounted on the entrance pupil. To have the two
mirrored figures of merit shown in Figure 4, the first
filter is mounted with +4° inclination and the second
with -4°.

Detector array dimension
Detector size (µ𝑚)
Instrument aperture (mm)
FOV across-track, (deg)
Swath @550km altitude (km)
GSD @550km altitude (m)
SNR (0.2 albedo, 40° solar zenith
angle, reference atmosphere)

512x640
15
37
9.2
88
140
280

RETRIEVAL CONCEPT

Figure 4. FINIS CAD model. 1: SWIR cameras, 2:
optical assembly, 3: tilted narrow-band interference
filters.
Table 1 lists FINIS's best estimates of mass,
dimensions, and operational power in its latest version,
considering the full binocular configuration. The
operational power estimate is based on having both
SWIR cameras activated during the acquisition.
Table 1. FINIS size, mass and power (best estimates)
Parameter
Value
Mass (kg)
Dimensions (cm3)
Power (W)

0.7
15x10x6
5

Table 2 presents the instrument critical parameters. The
SNR value was calculated using the average pixel
signal-to-noise ratio, considering the instrument
nadir-pointing at 550km altitude, over a 0.2 albedo
surface, 40° of solar zenith angle, and a cloud-free
atmosphere, with typical absorber concentrations.
Table 2. Instrument parameters
Parameter
Value
Spectral range (nm)
Spectral resolution FWHM (nm)
Spectral sampling ratio (nm/px)
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The FINIS retrieval techniques rely on the process of
adjusting the estimated atmosphere state vector
parameters until the model spectrum fits the observed
spectrum. The atmosphere state vector includes the
target gas concentration and all other parameters that
significantly influence the analyzed spectrum, for
example, H2O, CO2, aerosols, scattering, pressure,
temperature, etc. The Differential Optical Absorption
Spectroscopy (DOAS)5 is an example of a retrieval
technique extensively used for ground-based8,
airborne15, and space-based7 measurements.
Modified versions of the DOAS were later developed to
address the nonlinearity associated with the spectrum
sensitivity to temperature, pressure, and other
absorbers. The Weighting Function Modified
Differential
Optical
Absorption
Spectroscopy
(WFM-DOAS)14 introduced weighting functions to
linearize the problem of a linearization point in the
expected slant column density using vertical
concentration profiles of all absorbers as well as
atmospheric pressure and temperature profiles11. The
Iterative
maximum
absorption
a
posteriori
IMAP-DOAS was developed by Frankenberg et al.
(2005c) to address the variation of the shape of the
spectral absorption lines as a function of temperature
and pressure in multiple atmospheric layers2.
Since the tilted narrow-band interference filter
technique used by FINIS only provides a relatively
narrow spectral fitting window, 6 nm, with a moderate
spectral resolution, 2nm FWHM, retrieval algorithms
similar or based on DOAS do not provide satisfactory
results. To overcome that limitation, FINIS retrieval
principle relies similarly on an old technique first used
by Charles Fabry and Henri Buisson in 1913 to measure
ozone concentration, where the basic idea is to measure
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the radiance at two wavelengths ('pairs'), one of which
is strongly absorbed by the target gas and the other
much less so1.

𝐼'0, λ = 𝐴 𝐼λ

The intensity for a given wavelength λ measured after
the light crossing the medium is described by the
well-known Lambert-Beer Law equation 1.

where A is the albedo factor that is dependent on the
surface properties and the solar zenith angle.

𝐼(λ) = 𝐼0 (λ) 𝑒𝑥𝑝(− τ(λ) )

(1)

Where 𝐼0 is the intensity on the source and τ is the
total optical depth as the result of the sum of the optical
depth caused by light absorption and by light scattering.

𝐼'λ = 𝐴 𝐼0, λ 𝑒𝑥𝑝[− (τλ + τ'λ)]

Now, consider that two intensity measurements at close
wavelengths λ𝑚 and λ𝑛 are taken over the same area
with the same acquisition geometry. On this condition,
it can be assumed that both measurements share the
same albedo factor, and by performing the ratio of
equation 3 applied for both wavelengths, equation 4 can
be derived.

Consider the scenario illustrated in Figure 5, where the
solar light path that reaches the detector is divided into
the downwelling and the upwelling paths. In the
downwelling path, 𝐼0 is the extraterrestrial intensity and

𝐼'λ𝑚 = 𝐴 𝐼0, λ𝑚 𝑒𝑥𝑝[− (τλ𝑚 + τ'λ𝑚)]
𝐼'λ𝑛 = 𝐴 𝐼0, λ𝑛 𝑒𝑥𝑝[− (τλ𝑛 + τ'λ𝑛)]
𝐼'λ𝑚

𝐼 is the intensity that reaches the surface, and θ𝑆𝑍𝐴 is
the solar zenith angle. In the upwelling path, 𝐼0' is a
portion of the incoming radiation that is reflected by the
surface towards the detector direction and, 𝐼' is the
intensity that arrives at the sensor.

(3)

𝐼'λ𝑛

=

𝐼0, λ𝑚
𝐼0, λ𝑛

exp[-(τλ𝑚 + τ'λ𝑚)+(τλ𝑛 + τ'λ𝑛)]

Taking the natural logarithm on both sides.
𝐿

𝑚,𝑛

𝑚,𝑛

= 𝐿0

(4)

+ τ𝑛−𝑚 + τ'𝑛−𝑚

where,
𝑚,𝑛

𝐿

= 𝑙𝑛(

𝑚,𝑛

𝐿0

𝐼'λ𝑚

)

𝐼'λ𝑛

= 𝑙𝑛(

𝐼0, λ𝑚
𝐼0, λ𝑛

)

τ𝑛−𝑚 = τλ𝑛 − τλ𝑚
τ'𝑛−𝑚 = τ'λ𝑛 − τ'λ𝑚 .

Figure 5. Backscattered and reflected intensity on a
nadir-pointing detector configuration
Using equation 1 for both paths, a relationship between
the detected intensity 𝐼' and the extraterrestrial intensity
𝐼0 , for a given wavelength, can be derived as equation
3.
𝐼λ = 𝐼0,λ 𝑒𝑥𝑝(− τλ )

By considering the total optical depth as the sum of the
down and up optical depth terms, and by separating the
CH4 differential optical depth contribution from the
other trace gases, the differential total optical depth
caused by the CH4 can be written as equation 5.
𝑡𝑜𝑡𝑎𝑙

𝑚,𝑛

τ𝐶𝐻 , 𝑛−𝑚 = 𝐿
4

𝑚,𝑛

+ 𝐿0

𝑡𝑜𝑡𝑎𝑙

+ τ𝑜𝑡ℎ𝑒𝑟𝑠, 𝑛−𝑚

(5)

Total optical depth can be written as the result of the
integral of the absorption coefficient along the slant
path, thus the total differential optical depth for any gas
J can be calculated by equation 6.

𝐼'λ = 𝐼'0, λ 𝑒𝑥𝑝(− τ'λ )
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Where F is the nonlinear forward model and ϵ is the
sum of the forward model and instrument errors.

𝑡𝑜𝑡𝑎𝑙

τ𝐽, 𝑛−𝑚 = ∫ (σ𝐽, λ (𝑠) − σ𝐽,λ (𝑠))ρ𝐽 𝑑𝑠
𝑝𝑎𝑡ℎ

𝑛

𝑚

𝑡𝑜𝑡𝑎𝑙

(6)

τ𝐽, 𝑛−𝑚 = σ𝐽, 𝑛−𝑚 𝑆𝐶𝐽

Where σ𝐽, 𝑛−𝑚 is the integral of the differential
cross-section of the gas J along the slant path, and 𝑆𝐶𝐽
is the integral of the molecular concentration of the
trace gas J along the slant path, then equation 7 can be
derived from equation 5.
𝑚,𝑛

σ𝐶𝐻 , 𝑛−𝑚 𝑆𝐶𝐶𝐻
4

𝑚,𝑛

= 𝐿

+ 𝐿0

4

+ ∑σ𝐽, 𝑛−𝑚 𝑆𝐶𝐽

(7)

Introducing the concept of air mass factor AMF to
translate the slant column density to the vertical column
density as a function of the solar zenith angle, equation
8 presents the measurement as a function of the vertical
column.
𝑆𝐶𝐶𝐻 = 𝑉𝐶𝐶𝐻 𝐴𝑀𝐹𝐶𝐻 (θ)
4

𝑚,𝑛

𝐿

4

𝑚,𝑛

− 𝐿0

4

= α𝐶𝐻 , 𝑛−𝑚 𝑉𝐶𝐶𝐻 − 𝑏𝑚,𝑛
4

(8)

4

where

Using a reference atmosphere profile and composition
and a modified version of the weighting functions to
construct the Jacobian matrix K, the VCCH4 can be
estimated using a Gaussian least-squares estimator.
INSTRUMENT SENSITIVITY
With the use of SCIATRAN6, a software package that
incorporates a radiative transfer model, the weighting
function of CH4 and other relevant trace gasses, as well
as pressure, and temperature could be computed for the
spectral range and resolution used by FINIS.
The weighting functions in SCIATRAN are defined as
the absolute change in the intensity corresponding to a
+100% parameter change from the reference
atmosphere (assuming linear response). For a
measurement y defined by equation 9, an equivalent
weighting function, hereinafter referred to as
differential normalized weighting function, can be
computed by the difference between the weighting
functions computed for each wavelength and
normalized by its correspondent intensity, see equation
10.
𝑊𝐹𝑚−𝑛 = 𝑤𝑓𝑚/𝐼𝑚 − 𝑤𝑓𝑛/𝐼𝑛

α𝐶𝐻 , 𝑛−𝑚 = σ𝐶𝐻 , 𝑛−𝑚 𝐴𝑀𝐹𝐶𝐻 (θ)
4

4

4

𝑏𝑚,𝑛 = ∑σ𝐽, 𝑛−𝑚 𝑆𝐶𝐽
By defining the measurement vector y as shown in
equation 9.
𝑚,𝑛

𝑦 = [𝐿

𝑚,𝑛

− 𝐿0

] /α

(9)

𝐶𝐻4, 𝑛−𝑚

(10)

The plot in Figure 6 shows the measurement relative
sensitivity represented by the differential normalized
weighting functions of CH4, CO2, H2O, aerosol,
pressure, and temperature for ten different
measurements using 'pairs' of different wavelengths.
For all parameters analyzed, except the temperature, the
relative perturbation corresponds to a 100% increase on
the parameter in all atmospheric layers, whereas for
temperature the perturbation corresponds to an
increment of 1K on all atmospheric layers.

And by defining the atmospheric state vector x, which
includes the VCCH4, the following relationship can be
derived.
𝑦 = 𝐹( 𝑥) + ϵ
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Figure 6. Differential normalized weighting
functions plot representing the sensitivity of each
measurement for a +100% perturbation in the entire
atmospheric parameter profile. As an exception, for
the temperature parameter, the perturbation is for
1K.
To better visualize the relative impact of each parameter
variation on the measurement vector, each weighting
function curve can be scaled to match a more plausible
perturbation from the reference atmosphere. In the case
of pressure, for example, it is clear that a 100% increase
on its entire profile is not plausible. Consider the values
listed in Table 3.
Table 3. Atmospheric parameters: reference values
and relative perturbation
Parameter
Ref Value
Perturbation
CH4
3.6E19 mol/cm2
CO2
7.9E21 mol/cm2
H2O
4.0E22 mol/cm2
Aerosol OT
0.2
Pressure (surface)
1.0E3 mbar
Temperature (surface)
274K

+10%
+10%
+50%
+100%
-10%
+20K

Figure 7. Scaled differential normalized weighting
functions plot representing the sensitivity of each
measurement for the perturbations values listed in
Table 3.
The plot in Figure 7 provides a more realistic view of
the sensitivity of the measurements considering more
plausible perturbations on the atmospheric reference
parameters. With the exception of carbon dioxide, all
other parameters presented a significant influence on
the measurement vector. This indicates that the retrieval
algorithm needs to estimate the methane variation from
the reference atmosphere taking into account all other
possible parameter variations that also affect the shape
of the measurement profile.
AIRBORNE TEST
A previous configuration of the FINIS instrument
(shown in Figure 8) was flown on a Cessna aircraft for
aerial testing of the FINIS concept in July of 2019.
Unlike the current FINIS design, the instrument only
had one set of optics requiring multiple images acquired
using push-broom scanning for data analysis.

Figure 7 shows the same sensitivity plot presented on
Figure 6, but with the curves properly scaled to match
the perturbation values presented on Table 3.
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Figure 8. Prototype version of the FINIS instrument.
1: SWIR camera, 2: optics, 3: tilted narrow-band
interference filter, 4: IMU, 5: context cameras.
During testing, the aircraft was flown over areas of
potential CH4 interest in Cache Valley, Utah, and in
areas of central California. Several passes were flown
over Utah State University, where balloons full of CH4
and a controlled methane release were in place. The
data from the test flights verified that the FINIS
instrument could detect CH4, but a parallax issue was
discovered. As the instrument scanned the ground, the
location of the aircraft changed enough between image
acquisitions that raised objects (trees, buildings, etc.)
appeared to change as the perspective location of the
instrument changed. As a result, the variations in pixel
intensities due to parallax were greater than the
variations caused by the presence of CH4. An example
is shown in Figure 9. The current design accounts for
this error by incorporating two mirrored optical
assemblies for simultaneous data acquisitions.
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Figure 9. Contour map created by overlaying the
absorption band data on top of the pass band data
and looking at the ratio between them. The
difference between a variation in pixel intensities
due to the presence of methane and parallax from a
tree is shown.
VALIDATION CONCEPT
As part of the FINIS validation and technological
demonstration campaign, data from the Total Carbon
Column Observation Network (TCCON) will be used
to assess the accuracy of the vertical column density of
the CH4 retrievals. TCCON is a well-established
ground-based network of direct-solar-viewing Fourier
Transform Spectrometers (FTS). It provides precise
column observations of CH4 from the ground with a 1-σ
uncertainty of 0.2%13.
TCCON is currently composed of 30 operational
stations around the world, see Figure 10. Its global
distribution will allow the assessment of the FINIS
measurement quality over a wide range of surface types
and climatic regimes. During the ACMES mission,
FINIS
will
consistently
measure
methane
concentrations per TCCON site within a collection
radius of 300km, which will create a large validation
dataset. The validation strategy will follow the
well-established and routinely applied method used on
the observations from GOSAT3, SCIAMACHY7, and
OCO-212.
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12U bus is under development by Orion Space
Solutions with single-axis articulating solar arrays
capable of generating over 60W of average orbital
power9. Figure 11 presents the ACMES spacecraft
model, indicating the location of FINIS and the other
instruments.

Figure 10. Overview of the TCCON ground-based
for CO2 and CH4 observation sites. (NASA's Earth
Observatory/D. Wunch-California Institute of
Technology)
This validation phase will be crucial for detecting
possible instrument calibration problems or errors in the
retrieval algorithm implementation. Moreover, the
validation process will allow for possible small bias
corrections on regional scales, according to the target
location, season, and terrain.
ACMES MISSION CONTEXT AND
PROGRAMMATICS
The FINIS instrument is planned to be tested and
validated in space onboard ACMES, a 12U satellite,
funded by NASA's Earth Science Technology Office,
and planned to be launched in 2024. Besides FINIS,
this technology demonstration mission will also test and
validate three other unique technologies: the Active
Thermal Architecture (ATA), the Hyper-Spectral
Thermal Imager (HyTi), and the Planar Langmuir
Impedance Diagnostic (PLAID).
HiTy is a high spectral/spatial density long-wave
infrared (8-10.7μm) instrument, from which FINIS
characterization process will benefit from. Data from
HiTy, concurrently acquired over the same area, will
enable the association of FINIS's CH4 measurements
with a better knowledge of the atmospheric state,
especially regarding its water content and the presence
of clouds.
The ACMES mission is a one-year technology
demonstration followed by up to three years of
scientific research. The planned orbit is a 550 km
sun-synchronous orbit with the local time of descending
node between 10:00 AM and 11:30 AM. The spacecraft
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Figure 11. ACMES 12U CubeSat with the indication
of the mission payloads
CONCLUSION
FINIS presents an innovative concept for measuring the
atmospheric column density of methane using a
compact, robust, and relatively inexpensive instrument.
In its hardware, the tilted narrow-band interference
filter provides a sufficiently wide spectrum range that
covers the methane absorption and transmission bands
around the 1.66μm, with a medium spectrum resolution.
Using FINIS in its binocular configuration, the same
spot on the ground can be sensed with multiple
measurements of pairs of wavelengths eliminating the
albedo change influence, as detected in the airborne
test. As covered in the Retrieval Concept section, the
methane column density can then be retrieved from the
intensity ratio measurements using a weighted least
square fitting, which also takes into account the
influence of water, aerosol, pressure, and temperature
changes from the reference atmosphere.
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FINIS is planned to fly in the ACMES mission, where
further tests will be performed and its methane
measurements will be validated against the high
precision ground-based measurements provided by the
TCCON. In addition to that, FINIS characterization will
also benefit from the data simultaneously collected by
another instrument onboard ACMES: HiTy, which by
operating in the long-wave infrared band will provide
information about the atmospheric water content,
aerosol optical depth, and cloud presence information.
The FINIS development adds another possibility to
further expand the use of CubeSats on the important
mission of monitoring greenhouse gas emissions
worldwide. Once validated, this instrument technology
will be available for its use in CubeSat constellations,
which will be able to provide frequent high accuracy
methane measurements with medium spatial resolution,
necessary to detect point source leaks and measure
emissions rates on local and regional scales.
Acronyms
●
●
●
●
●
●
●
●
●
●

ACMES Active Cooling for Multispectral
Earth Sensors
AOD
Aerosol Optical Depth
ATA
Active Thermal Architecture
FINIS
Filter
Incidence
Narrow-band
Infrared Spectrometer
FOV
Field of View
GSD
Ground Sample Distance
HiTy
Hyper-Spectral Thermal Imager
SNR
Signal to Noise Ratio
TCCON Total Carbon Column Observation
Network
VC
Vertical Column Density
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